Abstract: Permanent two-dimensional optical waveguide arrays are demonstrated by exposing diffusion-mediated photopolymer with a multiple-beam interference pattern. A fiber-based phase control system ensures a stable interference pattern during exposure.
Interest in two-dimensional optical waveguide arrays has been driven by multiple application areas, including medical endoscopy, optical interconnects, and nonlinear optics. Waveguide array fabrication technologies include stack-anddraw methods for producing multiple-core optical fibers and bundled fiber image guides, multilayer planar lithography for creating stacked waveguide structures [1] , and sequential direct laser writing using fs laser pulses in glass [2] . Temporary two-dimensional waveguide arrays have been formed in photorefractive crystals by means of exposure to an interference pattern produced by multiple plane waves [3] . Here we present permanent two-dimensional optical waveguide arrays fabricated by holographic lithography in photosensitive volumetric photopolymer. This approach yields monolithic waveguide arrays with order 10 5 guiding cores in a single exposure taking just seconds using a low-power cw laser source.
The photopolymer is a commercially available material system developed for holographic data storage by InPhase Technologies, Inc, and has been reported on previously for integrated optics applications [4] . The material responds to illumination by 532 nm light with a local increase in the index refraction due to monomer depletion via polymerization and subsequent monomer diffusion into polymerized regions. In the present work we create patterned illumination by the interference of four mutually coherent and co-polarized writing beams. The four beams travel at angles ±θ relative to the z axis, which is normal to the photopolymer sample. Depending on the relative phases between the beams, interference patterns such as those shown in Fig. 1 The experimental holographic lithography system is illustrated in Fig. 2 . A diode-pumped solid-state laser operating at 532 nm is coupled into single-mode optical fiber in order to facilitate phase control and to provide spatial filtering. The light is split into four channels by a 1×4 fiber splitter. Each channel has a polarization controller to align the polarizations of the four writing beams. Three channels contain piezo-electric phase controllers in order to control the relative phases of three writing beams relative to the fourth. Phase stability is essential during exposure to ensure the correct pattern is recorded and to maximize the resulting index contrast. The four beams are then collimated with a 5 mm 1/e 2 diameter and steered by mirrors to interfere with the appropriate k-vectors at the photopolymer sample. We have varied the beam angles in order to produce array pitches ranging from 10 µm to 28 µm. Prior to the point of interference, a beam sampler directs a small portion of each writing beam to a set of mirrors that cause the sampled beams to interfere with non-redundant angular spacings. This yields a linear fringe pattern that can be recorded using a camera and Fourier transformed in order to provide a measure of the relative phase of each beam relative to each other beam. This phase measurement provides feedback through a software control loop to stabilize the interference pattern using the piezo-electric phase controllers. The polymer sample can be contained in a glass fluorometry cell or prepared in a slide geometry sandwiched between two glass substrates. For the experiments reported here, the polymer thickness ranged between 1 and 8 mm. An absorbing filter is coupled to the rear of the sample using index matching fluid in order to suppress back reflections. Typical exposure conditions use 5 mW per writing beam and exposure times of 1 to 10 s. The resulting waveguide arrays were analyzed in multiple ways. A qualitative picture of the resulting index structure for a 1 mm-thick sample was obtained using differential interference contrast (DIC) microscopy, and is shown in Fig. 3 . A quantitative measurement of the index contrast was performed using scanning optical frequency domain reflectometry (OFDR) [5] , and is shown in Fig. 4 . The measured index contrast using this method is 2 × 10 −3 . We expect optimization of the material formulation and exposure parameters to lead to higher achievable index contrasts. Finally, we verified the guiding performance of the waveguide array by projecting an image of a section of an Air Force resolution target on the input of an 8 mm-long waveguide array and recorded an image of the output of the waveguide array. Both the input image and the output of the waveguide array are shown in Fig. 5 .
